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We report on optical transmission spectroscopy of the Cr-based frustrated triangular antiferro-
magnets CuCrO2 and α-CaCr2O4, and the spinels CdCr2O4 and ZnCr2O4 in the near-infrared to
visible-light frequency range. We explore the possibility to search for spin correlations far above
the magnetic ordering temperature and for anomalies in the magnon lifetime in the magnetically
ordered state by probing exciton-magnon sidebands of the spin-forbidden crystal-field transitions of
the Cr3+ ions (spin S = 3/2). In CuCrO2 and α-CaCr2O4 the appearance of fine structures below
TN is assigned to magnon sidebands by comparison with neutron scattering results. The tempera-
ture dependence of the line width of the most intense sidebands in both compounds can be described
by an Arrhenius law. For CuCrO2 the sideband associated with the 4A2 →2T 2 transition can be
observed even above TN. Its line width does not show a kink at the magnetic ordering temperature
and can alternatively be described by a Z2 vortex scenario proposed previously for similar materials.
The exciton-magnon features in α-CaCr2O4 are more complex due to the orthorhombic distortion.
While for CdCr2O4 magnon sidebands are identified below TN and one sideband excitation is found
to persist across the magnetic ordering transition, only a weak fine structure related to magnetic
ordering has been observed in ZnCr2O4 .
PACS numbers: 75.30.Ds, 71.70.Ch, 78.30.-j, 78.40.-q
I. INTRODUCTION
An archetype of a geometrically frustrated spin ar-
rangement are antiferromagnetically coupled Ising spins
residing on the corners of a triangular lattice. In three
dimensions the pyrochlore lattice which can be regarded
as a network of corner-sharing tetrahedra is one of the
most studied structures to explore the realm of frustra-
tion phenomena in magnetism.
These geometrically frustrated lattices may provide ev-
idence for exotic ground states such as spin ice, spin liq-
uids, or spin gels. The latter has been described as a
topologically ordered state with finite but extended spin
correlations and was proposed to be realized in systems
with antiferromagnetically coupled Heisenberg spins on a
two-dimensional (2D) triangular lattice.1 In this case the
nearest-neighbor bilinear interaction yields a long-range
ordered magnetic state at T = 0 K, where neighboring
spins order at an angle of 120◦ to each other.2 Moreover,
the model exhibits a topologically stable defect described
in terms of a Z 2 vortex.3
A well-known class of triangular antiferromagnets is
given by systems with chemical formula ACrO2 with A =
Cu, Ag, Pd, Li, Na. Depending on the stacking sequence
these compounds have either delafossite structure (e.g.
Cu/PdCrO2) or an ordered rock salt type structure (e.g.
Li/NaCrO2). These systems have attracted enormous
interest because of a large variety of magnetic and elec-
tronic phenomena and the occurrence of multiferroicity.
For example, CuCrO2 and AgCrO2 reportedly exhibit
spin-driven ferroelectricity4 and the spin correlations in
both rock salt- and delafossite-type ACrO2 have been
associated with the formation of Z 2 vortices.5–10
Optical studies have been reported in the rocksalt-type
systems NaCrO2 and LiCrO2.11,12 These systems exhibit
exciton-magnon transitions13 in the energy region of the
spin-forbidden 4A2 →2T 2 crystal-field excitation of the
Cr3+ ions. Kojima et al. proposed that the lifetime of
the exciton-magnon lines in triangular lattice antiferro-
magnets is directly related to the density of Z 2 vortices in
the system.12 In this work we investigated the delafossite-
type system CuCrO2 by optical spectroscopy. CuCrO2
crystallizes in space group R3m14 where layers of the
magnetic chromium ions (3d3, S = 3/2) are separated
by one copper and two oxygen layers [see Fig. 1(a) and
(d)]. Due to this distance the system is moderately frus-
trated with a Curie-Weiss-temperature ΘCW of −190 K
and an antiferromagnetic ordering below TN2 = 24.2 K.
The magnetic transition leads to a slight distortion of
the CrO6 octahedra15,16 and an incommensurate proper
screw magnetic structure.17 Specific heat measurements
showed that there are actually two successive phase tran-
sitions at TN1= 23.6 K and TN2= 24.2 K.18 At TN2
a two-dimensional antiferromagnetic ordering was pro-
posed and only below TN1 three-dimensional magnetic
ordering and the occurrence of multiferroicity sets in.19
In the following we will use TN = TN1 = 23.6 K because
our measurements do not allow to distinguish these two
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2FIG. 1: (Color online) Room temperature crystal structures of (a) CuCrO2, (b) α-CaCr2O4, and (c) ACr2O4 with A=Cd,
Zn. In (d)-(f) we show the respective triangular planes and the pyrochlore lattice formed by the Cr ions in these compounds.
transitions.
Moreover, we investigated the triangular-lattice anti-
ferromagnet α-CaCr2O4, which has an orthorhombically
distorted delafossite structure (space group Pmmn),20
where the Cr3+ ions occupy two crystallographically in-
equivalent positions [see Fig. 1(b) and (e)]. With a Curie-
Weiss temperature of −564 K and a Néel temperature of
TN = 42.6 K the system is clearly geometrically frus-
trated and exhibits a planar 120◦-spin structure in the
crystallographic ac-plane.21,22 Recent studies report mul-
tiferroicity (also in α-MCr2O4, M = Sr, Ba)23,24 and
low-lying magnetic modes with a roton-like dispersion
in α-CaCr2O4.25 The related compound α-SrCr2O4 re-
portedly exhibits similar magnetic properties but is less
distorted than α-CaCr2O4.26
The spinel systems CdCr2O4 and ZnCr2O4 with a
pyrochlore lattice of magnetic Cr3+ ions [see Fig. 1(c)
and (f)] are considered as model systems to study
the effects of geometric frustration of Heisenberg spins
on the pyrochlore lattice. Further-neighbor exchange
interactions27 and magneto-elastic coupling lead to
magneto-structural transitions28–35at Néel temperatures
of 12.5 K and 7.8 K for ZnCr2O4 and CdCr2O4,
respectively,36,37 while the respective Curie-Weiss tem-
peratures are −390 K and −71 K.30,38 The observation
of magnetic excitations by neutron scattering which can
be modelled by structure factors corresponding to a par-
tition of the pyrochlore lattice into hexagonal loops or
even heptamers39–41 has contributed considerably to this
paradigmatic status. A low-temperature optical absorp-
tion spectrum of ZnCr2O4 has been reported by Szym-
czak et al .,42 where an exotic multiplet-sideband assigned
to exciton-magnon-phonon processes has been observed.
A clear suppression of this sideband has recently been
reported in ultra-high magnetic fields up to 600 T.43
In this study we will focus on the exciton-magnon tran-
sitions related to spin-forbidden CF excitations of the
Cr3+ ions with spin S = 3/2, which are in an octahedral
environment in all considered compounds.
II. EXPERIMENTAL DETAILS AND SAMPLE
CHARACTERIZATIONS
Single crystals of CuCrO2 were prepared by a flux-
decomposition method using K2Cr2O7 flux and CuO.
The soaking temperature was 1150◦C, the soaking time
20 h and the cooling rate 2◦C/h. Plate-like single-
crystalline samples with dimension up to 5×5×0.7 mm3
were prepared. The grown single crystals were checked
3FIG. 2: (Color online) Transmission spectra for α-CaCr2O4 (a), CuCrO2 (b), and ACr2O4 with A=Cd (c), Zn (d) for several
temperatures below and above the respective magnetic ordering temperatures. The lines are shifted for clarity with respect to
the highest temperature. Up arrows mark the spin-forbidden transitions (shaded areas) already visible at room temperature
and the asterisk in (a) an artifact due to the laser of the spectrometer. The insets in the top right corner of the frames are
zooms into the lower energy absorption spectrum just above the magnetic ordering together with a fit to the data. Individual
peaks are shown in green, while the sum is in red color. Frame (e) shows the transition scheme of a d3-ion in an octahedral
crystal field Oh and the splitting of the spin-forbidden modes due to the trigonal environment D3d and spin-orbit coupling
(S.O.) following Ref. [44].
by x-ray diffraction and no impurity phases could be de-
tected. The magnetic susceptibility of our samples (not
shown) is in good agreement with literature.18,45 A Curie-
Weiss fit to the data between 200 and 400 K results in
a Curie-Weiss temperature of 178 K, slightly lower than
the values measured by Kimura et al .18 (211 K out of
plane, 203 K in plane) from samples grown from Bi2O3
flux. The propagation direction of the incident light was
parallel to the crystallographic c-axis.
Single crystals of α-CaCr2O4 were grown in a high tem-
perature floating zone furnace as described elsewhere.46
The cleaved platelet is about 100 microns thick with a
diameter of 3 mm. The propagation direction of the in-
cident light was parallel to the crystallographic a-axis.
High-quality platelike single crystals of CdCr2O4 and
ZnCr2O4 were prepared as described in Ref. [47] and pol-
ished to optical quality. The propagation direction of the
incident light was parallel to the [111]-direction.
The optical transmission was measured using a Bruker
IFS 66v/S Fourier-transform spectrometer, which was
equipped with a He-bath and a He-flow cryostat, in the
frequency range 8500 - 25000 cm−1 and for temperatures
from 5 - 500 K.
α-CaCr2O4 CuCrO2 CdCr2O4 ZnCr2O4
Mode 1 13317.7 14053.0 14096.0 13946.7
Mode 1* 14178.3
Mode 2 13530.6 14286.4 14358.1 14099.5
Mode 3 13969.0 14593.3 14559.3 14702.1
Mode 4 14663.4 14916.5 14819.8 15126.7
Mode 5 15179.4 15268.9 15309.7 15549.2
TABLE I: Observed transitions between the t2g levels for
the different compounds given in wave numbers (cm−1) ob-
tained from a fit to the data just above the magnetic ordering
temperature (see insets of Fig. 2).
III. EXPERIMENTAL RESULTS AND
DISCUSSION
A. Crystal-field splitting of Cr3+
In all systems investigated here the magnetic ions
are Cr3+ ions with 3d3 electronic configuration (spin
S = 3/2) surrounded by an octahedron of oxygen ions.
In a perfect Oh symmetry, this would result in the usual
4splitting according to the Tanabe-Sugano diagram for d3
ions48 [see scheme in Fig. 2(e)]. However, the symmetry
for our compounds is rather trigonal D3d, which leads to
a splitting of the excitations. Due to spin-orbit coupling
we get a further splitting. Wood et al .44 investigated the
crystal field excitations in ZnAl2O4 and MgAl2O4 doped
with Cr ions both theoretically and experimentally. The
Cr ions in these spinels are in a similar environment as in
our case and the 2E mode splits by a few wave numbers
while the 2T modes are split into three levels separated by
a few 100 cm−1. For ZnGa2O4 doped with Cr the split-
ting of the 2E multiplet increases to 40 cm−1,49 showing
the sensitivity to the local symmetry. The scheme of exci-
tations including the low symmetry and spin-orbit split-
ting of the spin-forbidden modes is shown in Fig. 2(e).
The parity selection rule which forbids transitions be-
tween the multiplet states in cubic symmetry can be re-
leased by a static low-symmetry crystal field with odd-
parity or a corresponding odd lattice vibration inducing
a low-symmetry field. As a result even-parity states will
be mixed with odd-parity contributions and nonvanish-
ing matrix elements of the electric dipole moment will oc-
cur. No such matrix elements for transitions to multiplet
states with different spin multiplicities (spin-forbidden
crystal field transitions) exist, but this spin-selection rule
(∆S = 0, 1) can be released by spin-orbit coupling.48
The NIR transmission spectra for all materials are
shown in Fig. 2. The overall features are typical for
Cr3+ ions in an octahedral crystal field like, for ex-
ample, in ruby.50 One can see two strong spin-allowed
crystal-field absorptions in all compounds at about
17000 cm−1 and about 22000 cm−1 corresponding to
4A2 → 4T2 and 4A2 → 4T1 transitions, respectively,
where one electron is excited from the t2g to the eg lev-
els. These energies correspond to a cubic crystal field
splitting 10Dq ≈ 17000 cm−1 and a Racah parameter
B ≈ 465 cm−1. A splitting of the spin-allowed transi-
tions due a crystal field lower than cubic or spin-orbit
coupling can not be resolved.
The focus here is on the spin-forbidden transitions
which are much weaker than the spin-allowed transi-
tions. In cubic symmetry the spin-forbidden excitations
4A2 → 2E, 4A2 → 2T1 and 4A2 → 2T2 are expected
and already at room temperature weaker modes (indi-
cated by arrows in Fig. 2) are visible. Towards lower
temperature these absorption features become narrower
and more pronounced and just above the magnetic order-
ing five distinct absorptions are identified in the region
of the 4A2 → 2E, 4A2 → 2T1 (see insets of Fig. 2). This
number is in accordance with the five modes expected in
this region for D3d symmetry [Fig. 2(e)]. The energies of
the excitations are obtained by a fit and can be read off
in Table I. Even for the lower symmetry of α-CaCr2O4
the fit works well with 5 Gaussians in this region. In the
case of CdCr2O4 an additional Gaussian was used to ac-
count for the shoulder at the low-energy flank of the 2E
absorption region resulting in modes 1 and 1∗.
B. Exciton-magnon transitions
Let us now take a closer look at the spin-forbidden
crystal field transitions within the t32 states, in partic-
ular the 4A2 → 2E2 and the 4A2 → 2T1 transitions.
In the transmission spectra very sharp excitonic absorp-
tion features accompanying these transitions are already
visible in Fig. 2 [e.g. the ones labelled R1, R2, and R3
in Fig. 2(b)] at lowest temperatures. As proposed by
Tanabe, Moriya, and Sugano such sidebands can occur
when two ions on sites i and j are coupled antiferromag-
netically and the electric-dipole moment of the incoming
light couples an excited multiplet state of the ion at site
i to the ground multiplet state of the ion at j.13 In this
so-called electric-dipole induced exciton-magnon process
with a total spin change ∆S = 0, the spin-forbidden
multiplet transitions can exhibit cold and hot magnon
sidebands on the high- and low-energy side of the so-
called zero-magnon line, corresponding to the annihihi-
lation and creation of a magnon, respectively.51–55 The
zero-magnon line identifies the purely excitonic crystal-
field transition. Electric-dipole active magnon sidebands
involving spin-forbidden crystal-field levels have been re-
ported for several antiferromagnets such as, for exam-
ple, MnF2,56,57 VBr2,12 and LiCrO2,12 and are usually
stronger than the magnetic-dipole active zero-magnon
lines.
In case of spin-allowed crystal-field transitions,
magnetic-dipole active magnon sidebands have been ob-
served (e.g. in FeF2 and KCuF3),58,59 which can be
of similar strength as the electric-dipole active side-
bands of spin-forbidden crystal-field transition and are
not restricted to antiferromagnets.60,61 In contrast to the
electric-dipole mechanism of spin-forbidden transitions,
the zero-magnon line is expected to be stronger than the
sidebands for the spin-allowed crystal-field transitions.60
The energy of exciton-magnon sidebands with re-
spect to the zero-magnon line should correspond to the
magnon energy in regions of the Brillouin zone, where
the dispersion is flat, i.e., where the magnon density
of states peaks. The effective electric-dipole moment of
an exciton-magnon transition and the magnon sidebands
appearing for a particular excitonic transition depends
strongly on the symmetry of the excited orbital state and
the dispersion of the exciton.60,62 As a result different
magnons might couple to the different excited multiplet
states. Thus, optical spectroscopy can provide informa-
tion on the magnon energies in regions of the Brillouin
zone which might be hard to access otherwise. Since
short-range correlations are sufficient to make these tran-
sitions allowed, the persistence of non-trivial spin cor-
relations in the classical spin-liquid phase of frustrated
magnets may be tracked by optical spectroscopy. In the
following we will discuss the observed exciton-magnon
transitions separately for each of the investigated com-
pounds.
5FIG. 3: (Color online) Color coded contour plot of the absorption as a function of temperature vs. wave number in the range
of excitation R1 (a), R2 (b), and R3 (c). The transition temperature is marked as a white line. The lower part of the figure
[(d)-(f)] shows absorption spectra in the same range as the respective frame on top for various temperatures. The curves are
shifted for clarity by a constant value of 0.03 (d), 0.05 (e), and 0.075 (f). Sidebands are marked by arrows together with the
energy difference to R1, R2, and R3, respectively.
1. CuCrO2
In the magnetically ordered state pronounced fine
structures, named R1, R2, and R3 below, appear at the
onset of the 4A2 → 2E, 4A2 → 2T1, and 4A2 → 2T2 ex-
citations below the magnetic ordering temperature TN ≈
TN1
18 [see Fig. 3(a)-(f)]. In the following we will restrict
the discussion on these fine structures and their temper-
ature dependence which is summarized in Fig. 3.
Zooming into the region of the fine structure close to
the excitation R1 [Fig. 3(a) and (d)] three absorption
features can be clearly seen at low temperatures. Given
the spin-forbidden nature of the underlying crystal-field
transition (see discussion above) the most intense peak
R1 should correspond to an electric-dipole active one-
magnon sideband, but no corresponding weak zero-
magnon feature can be observed to directly read off
the magnon energy. Consequently, the identification of
the two further sidebands with an energy difference of
+13 cm−1 and +40 cm−1 with respect to R1 is similarly
difficult.
Recent high-field electron-spin resonance studies re-
ported two antiferromagnetic-resonance (AFMR) modes
with gaps of m1 = 1.0 cm−1 (0.12 meV) and m2 =
11 cm−1 (1.4 meV).64 While the smaller gap has been ob-
served also in neutron scattering studies,19,63,65 the larger
gap has no correspondence in the investigated range of
momentum transfer and energy probed in the neutron ex-
periments. However, the energy difference of +13 cm−1
of the magnon sideband from R1 is close in energy to
the reported gap and the difference of 2 cm−1 could be
due to the fact that ESR and exciton-magnon-transition
probe spin-wave energies at different points in the Bril-
louin zone. The small gap of only +1 cm−1 observed
by the ESR experiment and inelastic neutron scatter-
ing results in an assignment of the most intense absorp-
tion R1 to an exciton-one-magnon sideband at a dis-
tance of 1 cm−1 to the zero-magnon line. That means
the magnetic-dipole active line is assumed to be masked
by R1. Then the absorption at +13 cm−1 (1.6 meV)
corresponds to an exciton-one-magnon sideband involv-
ing the larger reported gap and the sideband energy at
6FIG. 4: (Color online) Fit parameters of the absorptions R1
(red) and R2 (black): (a) line width, (b) frequency and (c)
intensity normalized to the value at 4 K. The solid lines are
fits using Eq. (1) as described in the text.
about +40 cm−1 (5 meV) is in agreement with reported
magnon bands around m3 = 5 meV with a bandwidth of
about 1 meV in the vicinity of the zone boundary.19,65
Analogously, the fine structure related to R2 also ex-
hibits two further absorptions, one peaked at a distance
of +56 cm−1 from R2 with an additional shoulder at the
low-energy flank and another weaker feature at a dis-
tance of +80.5 cm−1 [Fig. 3(b) and (e)]. Again, no zero-
magnon feature is discernible, but a direct correspon-
dence to further magnon bands with maxima at about
60 cm−1 (7.5 meV) and 80 cm−1 (10 meV)19 can be es-
tablished by assigning R2 as an exciton-one-magnon side-
band at +1 cm−1 of the masked zero-magnon line and
the other absorptions to the magnon branches reported
by neutron scattering.
In the case of the strong excitation R3 at 19730 cm−1
shown in Fig. 3(f) the absorption spectrum exhibits a
broad sideband feature at a distance of +94.5 cm−1 from
R3, but again no zero-magnon line. Following the same
line as above, R3 can be regarded as an exciton-one-
magnon sideband corresponding to the small gap of about
1 cm−1. The assignment of the broad additional sideband
is not evident, but it might correspond to an exciton-
three-magnon sideband at m2 + 2m3 ' 93 cm−1. Below
18 K the broad sideband becomes distorted and shows
an additional shoulder at about +60 cm−1 correspond-
ing to the above mentioned magnon features observed by
neutron scattering19 as in the case of the sideband of R2.
This suggests that the sideband is a superposition of two
exciton-magnon features.
The excitation R3 exhibits a somewhat different tem-
perature dependence than R1 and R2, because it can
be observed up to 45 K (about twice TN) as a strongly
broadened feature in the absorption, while R1 and R2
can not be tracked above TN. To analyze the temper-
ature dependence of R1 and R2 we fitted the two lines
with Gaussians after subtracting the background due to
the spin-forbidden excitations by a polynomial fit to the
data outside of the exciton range. The temperature de-
pendence of the fit parameters of R1 and R2 are shown in
Fig. 4. Both, the position of the absorption maximum ω0
[Fig. 4(b)] and the intensity [Fig. 4(c)] of the excitations
R1 and R2 increase continuously towards lower temper-
atures reflecting the behavior of the sublattice magneti-
zation in the magnetically ordered state. The line width
(full width half maximum) of R1 nearly triples on rising
temperature just before it vanishes, while R2 shows a less
pronounced broadening. Fits of the temperature depen-
dencies of the line width of R1 and R2 by an Arrhenius
law
∆ω = ∆ω0 +B exp
[−E∗
kBT
]
, (1)
yield the fit parameters E∗/kB = 31(1) K, B =
43(3) cm−1, ∆ω0 = 3.6(1) cm−1 for R1 and E∗/kB =
36(2) K, B = 28(3) cm−1, ∆ω0 = 11.4(1) cm−1 for R2.
To analyze R3 we also fitted this range with two Gaus-
sian lines for R3 and the broad sideband feature [see
Fig. 5(g)]. The temperature dependence of the fit pa-
rameters are shown in Fig. 5. Due to the distortion of
the broad sideband below 18 K we only show the fitpa-
rameters for R3 in the whole temperature range, while we
added the positions of the shoulder and the peak of the
sideband to the eigenfrequency below 18 K. The magnetic
ordering temperature shows up in the eigenfrequency ω0
of R3 [Fig. 5(b)] as a kink, below which it increases to
lower temperatures, reflecting the increase of an internal
magnetic field. A similar behavior is observed for the
intensity [Fig. 5(c)], but its line width [Fig. 5(a)] seems
not to be influenced by the magnetic ordering at TN.
The fit parameters of the broad sideband, which proba-
bly corresponds to a superposition of two sidebands, do
not exhibit distinct anomalies at TN.
Previous investigations of the line width of the R3 ab-
sorption band in the related triangular lattice antiferro-
magnets LiCrO2 and NaCrO211,12 have been interpreted
in terms of the formation of Z2 vortices,12 i.e., the re-
laxation time of the magnon sidebands is determined by
the density of Z2 vortices for all these compounds. The
observed values of the line width in CuCrO2 is compa-
rable to the ones reported for NaCrO2.11 The density of
unbound Z2 vortices should be inversely proportional to
the correlation length of two vortices ξ given by1
ξ = ξ0 exp
[
b
(T/Tm − 1)α
]
. (2)
7FIG. 5: (Color online) Fit parameters of the R3 absorption (a) line width, (b) frequency and (c) intensity normalized to the
value at 4 K and of the sideband of R3 (d)-(f), respectively. The red dashed and blue solid lines in (a) are fits to the line width
data of excitation R3 with an Arrhenius model and a model assuming Z2 vortices, respectively (see text). The green circles
are data for the inverse of the effective correlation length ξeff from Ref. [63]. Below 18 K the energies of the sideband (stars)
and its shoulder (diamonds) are directly read off from the absorption data. In panel (g) an absorption spectrum at T=18 K is
shown together with a fit using two Gaussians. The two individual peaks are in green and the sum of both in red color.
Here Tm corresponds to the melting temperature of the
Z2 vortices, i.e., the energy scale to overcome the bound-
vortex state, and α is a characteristic exponent. To check
whether this proposal is consistent with our data we use
the values for the effective correlation length ξeff deter-
mined in neutron scattering measurements by Kajimoto
et al.63 [Fig. 5(a), green circles, right scale]. We find a
similar temperature dependence but a stronger increase
than the line width of the excitation R3. In addition, we
perform a fit of our data using
∆ω = ∆ωm + 1/ξ, (3)
and fixing the values Tm = 11 K and α = 0.37 to the
ones obtained in recent electron spin resonance (ESR)
studies of CuCrO2.9,10 The resulting curve is shown as a
solid blue line in Fig. 5(a) yielding ξ0 = 2.1(9)×10−4 cm,
b = 5.0(6), and ∆ωm =14(3) cm−1. The data is well de-
scribed for T > Tm and is consistent with the previous
interpretation of the formation of Z2 vortices. However,
an Arrhenius law yields a similarly good fit to the line
width of R3 with an activation energy E∗/kB = 69(1) K,
B = 431(16) cm−1 and ∆ω0 = 11.7(4) cm−1 (red dashed
line). Note that this value is higher than the activation
energies of R1 and R2 and higher than the predicted en-
ergy cost of the breaking of two Z2 vortices obtained by
a Monte Carlo simulation 1.52JS2 = 48 K.66 A similar
analysis of the bands R1 and R2 in terms of Z2 vortices
might be possible between Tm and TN, but the available
temperature range is too narrow to obtain an unambigu-
ous fit.
The putative reason why the excitation R3 has been
proposed to be exceptionally susceptible to the existence
of Z2 vortices is the fact that R3 and its sideband are ob-
servable above the Néel temperature and the line width
does not seem to be strongly influenced by the onset of
long-range magnetic order, but rather reflects the exis-
tence of short-range order and spin fluctuations below
and above TN.
2. α-CaCr2O4
In Fig. 6 the absorption spectra of α-CaCr2O4 in the
magnetically ordered phase at 4 K are shown in the fre-
quency region of the 4A2 → 2E and 4A2 → 2T1 tran-
sitions for the electric field of the incoming light po-
larized parallel to the crystallographic b (E ‖ b) and c
axes (E ‖ c). One can clearly observe a pronounced
anisotropy, in particular with respect to the fine structure
at the onset of the 4A2 → 2E transition with the most
intense absorption named R1 as in the case of CuCrO2.
This fine structure is much more intense for E ‖ c, which
points toward a corresponding selection rule. The rea-
son that the fine structure is also visible for E ‖ b may
8be attributed to the fact that the samples reportedly
exhibit three twins with one dominating twin (account-
ing for about 64% in another sample).22 In comparison
to CuCrO2 the spectrum exhibits a more complex fine
structure in the plotted frequency regime. In the inset of
Fig. 6 arrows indicate weak features around R1 and even
a small but resolvable splitting of R1 with maxima at
13316 cm−1 and 13320 cm−1 is visible at the lowest tem-
peratures. In the region where we expect the onset of the
4A2 → 2T1 transition with the corresponding absorption
R2, there are several weak absorption features appearing
for both polarizations (indicated by arrows in Fig. 6).
The most prominent feature at 13985 cm−1 for E ‖ c
is tentatively assigned to the onset of the 4A2 → 2T1
transition. Given the complexity of the spectra, we will
restrict the discussion to the temperature dependence of
the R1 fine structure (for E ‖ c) and the excitation R3 at
higher frequencies [see Fig. 7(d)], which does not exhibit
a significant polarization dependence.
The corresponding absorption spectra are shown in
Fig. 7(c) and (d) for several temperatures below and
above the Néel temperature. The detailed temperature
evolution is visualized in the color-coded plots in Fig. 7(a)
and (b). The emergence of the fine structure in the
vicinity of R1 and the appearance of R3 are clearly re-
lated to the magnetic ordering below TN. In contrast
to the case of CuCrO2 we find weak shoulders at the
low-energy flank of the most intense mode R1, which we
assign to zero-magnon lines ZM1 and ZM2 at 13285 cm−1
and at 13298 cm−1, respectively. The observation of two
zero-magnon-like features and the splitting of R1 are at-
tributed to the fact that there are two inequivalent Cr
sites in the structure (see Fig. 1).22 The difference in
crystal-field strength at the two sites may account for the
two different zero-magnon energies. The sideband ener-
gies with respect to ZM1 and ZM2 are listed in Table
II to compare with the experimentally reported magnon
energies.
The magnetic excitation spectra determined by neu-
FIG. 6: (Color online) Absorption spectra of α-CaCr2O4 at
4 K in the frequency region of the 4A2 → 2E and 4A2 → 2T1
transitions for E ‖ b and E ‖ c.
tron scattering25 revealed van-Hove singularities at 5,
11, 17, and 33 meV in powder samples corresponding
to flat regions in the spin-wave dispersions. Moreover,
single-crystal studies showed a gap of 3.5 meV (assigned
to interplane coupling) and further flat regions at about
8 meV (81 cm−1). These two energies are in agreement
with the distances of the R1 feature from ZM1 and the
peak at +80.1 cm−1 (A) from ZM2 and justify their as-
signment to exciton-one-magnon sidebands. Also for the
three low-energy van-Hove singularities we find corre-
sponding sideband energies. Therefore we can assign all
the strong absorptions in the vicinity of R1 to exciton-
magnon excitations.
The 4A2 → 2T2 (R3) band only reveals the absorption
R3 at 19450 cm−1 without any sign of a zero-magnon
line and, hence, an identification as an exciton-magnon
transition is not obvious. The excitation R3 broadens
and seems to disappear on approaching TN from below,
although a broad background contribution is still visible
above the Néel temperature.
Following the same procedure as in the case of
CuCrO2, we evaluate the main absorption peaks R1 (ne-
glecting its small splitting at lowest temperatures) and
R3 using Gaussian line shapes. The fit parameters are
shown in Fig. 8. The excitation R1 can be followed up to
44 K. The eigenfrequency shows the typical increase to
lower temperatures and, as expected, the line width in-
creases strongly when approaching the magnetic ordering
temperature from below. The intensity increases with
temperature and exhibits a broad maximum at around
35 K before it decreases again when magnetic order gets
lost. As in the case of CuCrO2 the excitation R3 can
be tracked as a very broad feature up to 70 K, but
the eigenfrequency is almost constant below TN, which
is not expected for a magnon sideband, and increases
for T > TN. The temperature dependence of the line
width of both lines can be described by an Arrhenius law
[Eq. (1)] below TN and yields E∗/kB = 152(12) K, B =
846(250) cm−1, ∆ω0 = 21.8(3) cm−1 for R1 and E∗/kB
= 157(11) K, B = 1455(404) cm−1, ∆ω0 = 65.8(4) cm−1
for R3. The values of the activation energy of the two
lines are very close, suggesting that the lifetime of both
lines is governed by the same mechanism.
TABLE II: Comparison of the sideband distances with re-
spect to ZM1 and ZM2 and the energies of van-Hove singu-
larities and flat regions of the spin-wave dispersion reported
in Ref. [25]. The energies are given in meV. Discarded assign-
ments are given in parentheses.
ZM1 ZM2 Ref. [25]
R1 3.7 (1.8) 3.5
R1′ 4.3 (2.4) 5
A (9.9) 8.1 8
B (13.6) 11.8 11
C (18.8) 17.0 17
9FIG. 7: (Color online) Color coded contour plot of the absorption as a function of temperature vs. wave number in the range
of (a) excitation 4A2 → 2E (E ‖ c) and (b) excitation 4A2 → 2T2. TN is shown as a white line. Panels (c) and (d) show
corresponding absorption spectra for various temperatures in the same frequency range. The curves are shifted for clarity by
a constant value of 0.5 in panel (d).
3. CdCr2O4 and ZnCr2O4
The absorption spectra in the region of the spin-
forbidden 4A2 → 2E and 4A2 → 2T1 crystal-field ex-
citations of CdCr2O4 and ZnCr2O4 are shown for several
temperatures in Fig. 9(a) and (b), respectively.
The temperature evolution of the spectra in ZnCr2O4
is rather continuous and the broad absorption peaks
sharpen with decreasing temperature as expected in case
of phonon-assisted transitions. In addition, the smooth
onsets of the transition bands sharpen up and below
the magneto-structural transition the onset is edge-like
and exhibits a very weak fine structure. The lowest-
temperature spectrum is shown in an enlarged scale in
Fig. 10(b). This group of narrow excitonic lines (fur-
ther zoomed in the gray inset) has previously been ob-
served by Szymczak et al. and attributed to the Davy-
dov splitting of the two lowest single-ion levels of the
2E state.42 Interestingly, very similar spectra have also
been obtained and analyzed for exchange-coupled Cr3+
pairs doped into non-magnetic ZnGa2O4.67 These au-
thors identified the observed fine structure in terms of
exciton-magnon processes and vibronic sidebands. Re-
markably, the obtained values for the exchange coupling
constants in dilute systems are in very good agreement
with the ones obtained for ZnCr2O4 itself.34,68 Above
the magnetic ordering temperature this fine structure is
smeared out.
The rather broad absorption band in ZnCr2O4 at
15150 cm−1 associated with 4A2 → 2T1 has been sug-
gested to stem from an exciton-magnon-phonon (EMP)
transition,42 which has recently been reported to be sup-
pressed in fields above 400 T.43 We traced its temper-
ature evolution to temperatures above the Curie-Weiss
temperature as shown in Fig. 9(b) and still observe a
broad maximum at the highest measured temperatures.
This suggests that this excitation might not be governed
by spin correlations, but rather corresponds to a more
conventional CF excitation. Note that a very recent high-
magnetic field study of this frequency region in CdCr2O4
reports the suppression of both the fine structure around
R1 and the absorption assigned to an EMP transition in
analogy to ZnCr2O4.69
Concerning the excitation R3 we did not observe
any narrow absorption features for CdCr2O4 in this re-
gion and for ZnCr2O4 only a rather broad feature (not
shown) has been observed, which might indicate the spin-
forbidden 4A2 → 2T2 transition.
In the case of CdCr2O4 one can clearly see the emer-
gence of the absorption peak R1 at 14125 cm−1 related
to the 4A2 → 2E transition. In an enlarged scale [see
Fig. 10(a)] shoulders are visible in the spectrum at a dis-
tance ±17(2) cm−1 from R1. In line with the discus-
sion of CuCrO2 and α-CaCr2O4 the shoulder at the low-
energy flank is assigned to a zero-magnon line ZM and R1
to an exciton-one-magnon sideband. The magnetic exci-
tation spectrum of CdCr2O4 has been studied by neu-
tron scattering and spin wave excitations with energies
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FIG. 8: (Color online) Fit parameters of the absorptions R1 (left side) and R3 (right side) (a),(d) line width, (b),(e) frequency
and (c),(f) intensity normalized to 4 K, respectively. The solid lines are fits using Eq. (1) as described in the text.
FIG. 9: (Color online) Absorption spectra of CdCr2O4 (a) and ZnCr2O4 (b) for various temperatures in the energy region of
the excitations within the t2g levels. The spectra are shifted for clarity by 0.55 (CdCr2O4) and 0.29 (ZnCr2O4).
ma = 0.65 meV (5.2 cm−1), mb = 2.3 meV (19 cm−1)
and mc = 4.7 meV (38 cm−1) were reported at the
wave vector (1,0.915,0) associated with the zone center
of the incommensurate spin structure.70 In addition, in a
high-field ESR study up to ten magnetic excitations have
been observed and attributed to higher-harmonics of heli-
cal spin-resonance modes.71 A recent theoretical analysis
confirmed this idea and described the magnetic excitation
spectrum as due to helimagnons.72,73 We identify R1 as
an exciton-one-magnon absorption involving the magnon
energy mb, which reportedly is only slightly dispersive.70
The weak shoulder at a distance of +34 cm−1 could then
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FIG. 10: (Color online) Zoom into the lower energy part of
the absorption spectrum of CdCr2O4 (a) and ZnCr2O4 (b).
For the latter the grey part is shown in an inset in an extended
view. (c) shows a scaled version of the spectra. For details of
the scaling see text.
correspond to an exciton-one-magnon sideband involving
mc. Both the weak shoulders and mode R1 can not be
detected anymore above the magnetic ordering tempera-
ture.
A further absorption peak is visible at a distance of
+79 cm−1 from ZM and remains visible above the Néel
temperature and persists up to about 150 K, where the
absorption spectrum seems to become plateau-like [see
arrows in Fig. 9(a)]. This behavior is in contrast to the
other absorption features at higher frequencies, which re-
main visible up to room temperature and, therefore, are
likely not directly related to spin correlations. We spec-
ulate that the peak at +79 cm−1 might therefore arise
due to short-range spin correlations. A possible assign-
ment of this peak could be an exciton-three-magnon peak
involving 2mb +mc.
A direct comparison of the two low-temperature ab-
sorption spectra of CdCr2O4 and ZnCr2O4 is presented
in Fig. 10(c), where the spectra are plotted vs. wave num-
ber scaled to the respective onset ν0 of the exciton lines.
In case of CdCr2O4 ν0 was taken as the well-defined fre-
quency of the excitation R1 and in case of ZnCr2O4 the
first peak of the fine structure at 13835 cm−1 was used.
The absorption values are scaled in a way that the curves
coincide at the maximum of the absorption peak visible
at ν/ν0 = 1.05 for CdCr2O4. In this scaling, even the
low-energy flanks of the two curves coincide and the peak
maximum in CdCr2O4 corresponds to a clear shoulder in
ZnCr2O4. Moreover, the EMP feature in ZnCr2O4 seems
to correspond to a shoulder in the spectrum of CdCr2O4
[see shaded areas in Fig. 10(c)]. This shoulder is directly
followed by the first spin-allowed crystal-field excitation
in CdCr2O4. We propose that the occurrence of similar
features in both compounds and their persistence to the
highest studied temperatures (exceeding the respective
Curie-Weiss transitions) again favors a structural origin
of these excitations. Therefore, the reported suppression
of the EMP peak above 400 T in ZnCr2O4 might be inter-
preted as a magnetic-field induced structural change.43
This scaling further suggests that the 4A2 → 2E and
4A2 → 2T1 regions are behaving differently in terms
of relative intensities for the two compounds, i.e., the
4A2 → 2E and 4A2 → 2T1 regions appear to be of compa-
rable intensity in CdCr2O4, while the 4A2 → 2T1 region
seems to have much higher intensity in ZnCr2O4. This
might be related to the different structural distortions in
the two systems in the magnetically ordered state. There
is still a debate with respect to the exact symmetry of
the two systems,47,74,75 but a clear difference is that in
ZnCr2O4 the lattice contracts and in CdCr2O4 it elon-
gates along the c-axis. This will certainly influence the
transition probabilities and the intensities of the CF tran-
sitions. The difference in the exciton-magnon features for
the two spinel systems is in our opinion due to the fact
that the ground states of CdCr2O4 and ZnCr2O4 differ
strongly. In CdCr2O4 a helical magnetic structure seems
to be favored, while the complex magnetic structure of
ZnCr2O4 has not yet been solved and might be domi-
nated by weakly coupled molecule-like units.
IV. SUMMARY
We investigated the Cr crystal-field excitations in
the triangular-lattice antiferromagnets CuCrO2 and
α-CaCr2O4 and in the spinels CdCr2O4 and ZnCr2O4 in
order to search for exciton-magnon transitions as optical
probes of the magnetic excitation spectra, the existence
of short-range spin correlations, and anomalies in the life-
time of magnons due to frustration effects. In particu-
lar, optical transmission experiments can be performed
on small samples and detailed temperature dependen-
cies can be obtained. Moreover, probing exciton-magnon
sidebands in pulsed high-magnetic fields can provide in-
formation on the magnetic excitation spectrum, which is
inaccessible by neutron scattering (see e.g. Ref. [43, 69]).
In CuCrO2 no zero-magnon lines could be observed,
but three sets of fine structures have been detected to
emerge with lowering temperature to the magnetically
ordered state. The measured absorption peaks were as-
signed to exciton-magnon transitions by comparison with
magnon energies found by antiferromagnetic resonance
and neutron scattering experiments assuming that the
zero-magnon line is almost coinciding with and there-
fore masked by the first intense exciton-one-magnon side-
band. The temperature dependence of the line width of
the most intense exciton-one-magnon sidebands R1-R3
can be described by an Arrhenius law, but yield different
activation energies. The sidebands R1 and R2 related to
4A2 → 2E and 4A2 → 2T1 can only be resolved below the
Néel temperature, but the sideband R3 associated with
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the 4A2 → 2T2 crystal-field transition can be tracked
even above TN and its line width does not exhibit an
anomaly at the Néel temperature. This suggests that the
line width of R3 can be regarded as a probe of short-range
spin correlations which already exist above TN. Due to
this fact the temperature dependence of the line width of
the excitation R3 in related systems has previously been
described by assuming that the exciton-magnon lifetime
is determined by the existence of Z2 vortices. We find
that a similar analysis holds also for CuCrO2.
In the other triangular antiferromagnet α-CaCr2O4
we observed an even richer fine structure related to the
4A2 → 2E and 4A2 → 2T1 crystal-field excitations which
depend on the polarization of the light with respect to
the crystallographic axis in the investigated plane. Prob-
ably due to the twinning of the crystal a strict selec-
tion rule could not be observed, but the fine structure
at the onset of the 4A2 → 2E transition including R1
was much stronger for E ‖ c. In contrast to CuCrO2
weak zero-magnon lines were found below R1 and the
sidebands could be directly related to spin-wave ener-
gies reported by neutron scattering. Again the magnon
sidebands around R1 disappear on approaching the Néel
temperature from below, but the excitation R3 remains
visible also above TN as in the case of CuCrO2. The
line widths of both lines follow an Arrhenius law with
a similar activation energy, but both, intensity of R1
and eigenfrequency of R3, show an unexpected behav-
ior and indicate that the exciton-magnon properties are
more complex than in CuCrO2. Although we can not
exclude the existence of Z2 vortices in this compound, a
description of the line width of R3 across the Néel tem-
perature in terms of a Z2 vortex scenario is not possible.
Even though these two triangular systems exhibit an
almost ideal 120◦ helical structure the exciton-magnon
features differ strongly. The reason for this difference
is probably the orthorhombic distortion of α-CaCr2O4
and different Cr sites. This results in a more complex
spin-wave spectrum and inequivalent exchange interac-
tions between the Cr ions driving the system further away
from the isotropic nearest neighbor Heisenberg case.
In CdCr2O4 a zero-magnon line and exciton-magnon
sidebands related to the 4A2 → 2E transition have been
observed at lowest temperatures in agreement with the
reported spin-wave dispersions by neutron studies. These
features disappear concomitantly with long-range mag-
netic order, but another sideband at +79 cm−1 remains
visible up to about 150 K.
In contrast, in the spinel ZnCr2O4 only a weak fine
structure has been observed in agreement with a previous
report. The temperature dependence of an absorption
(EMP) reportedly associated with the magnetic structure
and suppressed in very high-magnetic fields suggests a
primarily structural origin of this excitation.
The helical magnetic structure in CdCr2O4 with its
well defined magnon branches and exciton-magnon fea-
tures is in contrast to the still unresolved magnetic
ground state of ZnCr2O4 and the proposed existence
of weakly coupled multi-spin entities. Such molecular
units might produce the previously observed Davydov
splitting42 instead of strong exciton-magnon sidebands.
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